Critical to successful application of the sterile insect technique against Aedes albopictus (Skuse) is the development of an efficient and standardized rearing protocol to be employed in the mass production system. In this study, several life history traits of Ae. albopictus were analyzed to identify upper and lower thresholds of larval density and diet concentration. Survival to pupation, time to pupation, and sex ratio were evaluated under a range of larval densities (0.5-5 larvae/ml) and food levels (0.05-1.6 mg/larva/d) using two larval diets (one locally developed; one developed by the FAO/IAEA). The larvae reared at 28 C, at a density of 2 larvae/ml and receiving a food dose equal to 0.6 mg/larva/d of a diet consisting of 50% tuna meal, 50% bovine liver powder (the FAO/ IAEA diet), and, as an additive, 0.2 g of Vitamin Mix per 100 ml of diet solution, developed in 5 d and had 90% survival to the pupal stage. With this rearing regime male pupae production 24 h after the onset of pupation was the highest; these pupae were $94% male.
Aedes albopictus (Skuse) is an aggressive, daytime biting mosquito that ranked as one of the top 100 most invasive species worldwide and is recognized as an increasingly important vector (Gratz 2004 , Invasive Species Specialist Group 2009 . Part of its impact on human health is due to its rapid spread to Europe, the Western Hemisphere, and other areas from its native home range in East Asia and islands of the western Pacific and Indian Ocean (Reiter and Sprenger 1987 , Benedict et al. 2007 , Scholte and Schaffner 2007 , Caminade et al. 2012 , Guillaumot et al. 2012 . During the past 10 yr this species has been the primary vector for a number of dengue and chikungunya outbreaks in Hawaii, several Indian Ocean islands, Central Africa, southern China, and the first autochthonous transmission of the dengue virus in Europe (de Lamballerie et al. 2008 , Paupy et al. 2009 , Wu et al. 2010 , Gasperi et al. 2012 , Rezza 2012 , Bonizzoni et al. 2013 , Schaffner et al. 2013 ).
In the absence of an efficient vaccine to protect human populations from mosquito-transmitted diseases such as dengue, chikungunya, zika, and even malaria, the difficult and complex task of mosquito control is one of the few proven ways to reduce the risk of transmission of many pathogens (Benedict and Robinson 2003 , Townson et al. 2005 , Alphey et al. 2010 , Bonizzoni et al. 2013 , Wong et al. 2013 , Rainey et al. 2014 .
When used with well integrated conventional control methods, the sterile insect technique (SIT) has proven to be an effective tool to control various insect species of agricultural interest (Dyck et al. 2005) . Field studies conducted in the 1970s and 1980s showed that the SIT also could be effective against mosquitoes, including Culex quinquefasciatus Say, Culex pipiens L., Anopheles albimanus Wiedemann, and Culex tarsalis Coquillett (Laven 1967 , Patterson et al. 1970 , Laven et al. 1971 , Lofgren et al. 1974 , Reisen et al. 1982 , Benedict and Robinson 2003 . Interest in applying the SIT against mosquito vectors has re-emerged recently following the development of new genetic and technological tools that could deliver significant improvements to the technique, including genetic modification of mosquitoes and the use of the maternally inherited intracellular bacterium Wolbachia (Alphey et al. 2010 , Harris et al. 2011 , Hoffmann et al. 2011 , Slatko et al. 2014 . Adoption of an integrated management approach together with the engagement of the local communities are key factors to achieving great benefits to health and to socioeconomic development (WHO 2004) .
Feasibility studies have been conducted in Italy regarding the possibility of integrating the SIT strategy into the control programs of Ae. albopictus (Bellini et al. 2007 sterilized with irradiation resulted in suppression of the local population. In particular, it was shown that 70-80% egg sterility was sufficient to cause a decrease in egg collection of the same magnitude, indicating a substantial reduction of the adult population density . SIT programs involve the release into the environment of sterile males in high numbers (Knipling 1955 , Knipling 1979 , Coleman and Alphey 2004 , Hendrichs and Robinson 2009 . The mass-reared male insects produced must retain the necessary ability to locate and mate with wild females for sterility to be induced. In general, the quality of reared insects (not only mosquitoes, but also entomophagous and herbivorous insects) is of fundamental importance for the majority of entomological research (Knipling 1979 , Cohen 2001 , Dindo et al. 2006 , Dindo and Grenier 2014 , Leppla 2014 . Even though efforts to assess the quality of laboratory and mass-reared insects have increased recently due to the relevance for the implementation of SIT programs, there are many questions still to be answered about how to maintain critical characteristics due, in part, to a lack of data on male biology and mating behavior as well as a difficulty in developing meaningful protocols to study, and to validate laboratory evaluations of mass-reared insects that result in successful field application . The effects of diet quality and quantity and insect handling during the mass rearing process are also subjects needing further investigation (Benedict and Robinson 2003 , Benedict et al. 2009 , Madakacherry et al. 2014 .
Standardized protocols for each process involved in an SIT program, including large-scale rearing, are needed in order to allow comparison of results from different studies (Cohen 2001 , Bonizzoni et al. 2013 , Hapairai et al. 2014 . In this work, we investigated the effect of two larval diets and a range of larval densities and diet concentrations on several life history traits of Ae. albopictus in order to determine the optimum conditions for larval development, a critical aspect for developing standardized rearing and the success of SIT, as it strongly influences the quality of insects produced.
Materials and Methods

Mosquito Rearing
The strain used for this experiment originated from eggs collected in the field in Rimini , Balestrino et al. 2014b ). Eggs were laid by the females on white filter paper contained in plastic beakers filled with dechlorinated water. Once removed from the cage, the eggs were left to dry under standard conditions, as defined above, for 24 h then stored, in the climatic chamber, in a sealed plastic container with a saturated potassium sulfate solution to maintain a value of RH inside the container of $97% (Balestrino et al. 2010) . For hatching, eggs were put in a closed, 1-liter capacity jar with 0.7 liters of deionized water, 0.25 g of Bacto Nutrient Broth, and 0.05 g of brewer's yeast (Bellini et al. 2007 , Zheng et al. 2015b ).
Preparation of Diets
We compared the effect of food concentration and larval density on development of immature Ae. albopictus using two diets of different composition: 1) CAA diet (developed at the CAA)-80% Friskies dry adult cat food (Nestlé S.A., Vevey, Switzerland), 14% brewer's yeast (Sigma Aldrich Inc., St. Louis, MO), and 6% Tetramin fish food (Tetra Pro, Melle, Germany; Bellini et al. 2007 , Medici et al. 2011 ; 2) IAEA diet (developed at the FAO/IAEA Insect Pest Control Laboratory)-50% bovine liver powder (MP Biomedicals, Santa Ana, CA), 50% tuna meal (T. C. Union Agrotech, Thailand), and, as an additive, 0.4% w/v of Vitamin Mix (Vanderzant Vitamin Mix, Bio-Serv, Frenchtown, NJ; Damiens et al. 2012) . A slurry of each diet was prepared by manually mixing the solid components, consisting of small particles, in deionized water. Ten-milliliter aliquots were stored at À20
C to prevent the proliferation of microorganisms and diet degradation ).
Experimental Protocol
In the two trials described below, $2 h after hatching, first instars (L1) were transferred into standard 90-mm-diameter disposable polystyrene petri dishes containing 32 ml of deionized water resulting in a depth of 5 mm. The dishes, placed inside a climatic chamber under standard conditions (28 6 1 C, 80 6 5% RH, and a photoperiod of 12:12 [L:D] h), were covered with the supplied lids to minimize evaporation. Regardless of the day of development or number of larvae present, 640 ll of diet (at the different concentrations described below) was provided daily following the experimental design described by Gilles et al. (2011) for Anopheles arabiensis (Patton). The dishes were examined daily for pupae, which were removed and transferred to tubes for emergence; the sex of resulting adults was determined. Survival to pupation (proportion of larvae that survived from L1 to the pupal stage), time to pupation (development duration, in days, between L1 and pupa), and sex ratio (proportion of males among the total number of adults emerging from a treatment) were recorded. Three replicates were set up for each of the combinations of larval density and diet concentration (mg/ml/d) for each given diet.
Trial 1. Diet Quality-Effect of Larval Density and Diet Concentration on Larval Development
The CAA and IAEA larval diets were compared at four larval densities (0.5, 1, 2, and 4 larvae/ml, i.e., 16, 32, 64, or 128 larvae/dish, respectively) and four diet concentrations (1, 2, 3, and 4% wt:vol slurry of diet in water; 0.2, 0.4, 0.6, and 0.8 mg diet/ml/d).
The factorial design and the resulting food doses (mg/larva/d) are shown in Table 1 .
Trial 2. Determination of the Optimal Rearing Conditions
Based on the results obtained in Trial 1, the IAEA diet was selected for the second trial to optimize productivity with higher larval densities (2, 3, 4, or 5 larvae/ml, i.e., 64, 96, 128, or 160 larvae/dish, respectively) and diet concentrations (4, 6, 8, or 10% wt:vol slurry of diet in water; 0.8, 1.2, 1.6, and 2 mg diet/ml/d). The factorial design and the resulting food doses (mg/larva/d) are shown in Table 2 . Observations were carried out until all the larvae pupated or died. At 24 h after the beginning of pupation, we assessed the effect of larval density and food concentration on sex ratio and male pupal production rate (number of male pupae obtained that formed within 24 h of the first pupation divided by the total number of male pupae collected from each treatment). The male productivity was calculated as the absolute number of males produced from each treatment in the first 24 h. These parameters were observed at 24 h after the onset of pupation, because this is the period when protandry and the smaller size of male compared with female pupae can be best exploited for mechanical sex separation (Bellini et al. 2007 , Medici et al. 2011 , Balestrino et al. 2014b ).
Statistical Analysis
The data obtained by the comparison of the two diets, CAA and IAEA, at different larval densities and food concentration, were analyzed by three-way analysis of variance (STATISTICA 7.2), while the data obtained testing the performance of the IAEA diet were analyzed by two-way analysis of variance (STATISTICA 7.2). The percentages were transformed for the analysis using an arcsine transformation. To evaluate the performance of the IAEA diet, differences in sex ratio, male pupae production rate at 24 h, and male productivity at 24 h were also analyzed.
Results
Trial 1. Diet Quality-Effect of Larval Density and Diet Concentration on Larval Development
The comparison of survival to pupation as a function of the concentration of CAA or IAEA diet and the larval density showed that higher survival was obtained with the IAEA diet (F 1, 64 ¼ 54.39; P < 0.0001), especially at the lowest diet level (1%; F 3, 64 ¼ 16.82; P < 0.0001; Fig. 1A ). Differences also were observed between the two diets as a function of larval density, in particular at the highest density (4 larvae/ml; F 3, 64 ¼ 12.09; P < 0.0001; Fig. 1B ). The effect of the interaction of diet, food amount, and density was also significant, with the IAEA diet producing higher survival rates (F 9, 64 ¼ 6.78; P < 0.0001). The time to pupation depended on the diet (F 1, 64 ¼ 99.45; P < 0.0001), both in relation to the diet concentration (F 3, 64 ¼ 312.48; P < 0.0001) and to the larval density (F 3, 64 ¼ 750.61; P < 0.0001; Fig. 1C and D, respectively) . The interaction between development rate and diet was also significant; time to pupation was shorter with the IAEA diet for all the treatments (F 9, 64 ¼ 5.42; P < 0.0001).
No significant differences were observed in the sex ratio (proportion of males) between the diet treatments, while the effects of the diet concentration (F 3, 64 ¼ 3.67; P < 0.05) and larval density (F 3, 64 ¼ 5.00; P < 0.01) were significant, as was the interaction (F 9, 64 ¼ 3.18; P < 0.01; Fig. 1E and F) .
Trial 2. Determination of the Optimal Rearing Conditions
The effect of diet concentration on survival to pupation was significant (F 3, 32 ¼ 10.11; P < 0.001); no significant effect was observed either for larval density nor the interaction between diet concentration and larval density. The highest survival rate was obtained with the lowest diet treatment (4%) and a larval density of 3 larvae/ml; similar results were also obtained with all the other larval densities tested both with 4% and 6% diet treatments (Fig. 2) . A decrease in the survival to pupation was observed with the highest diet level (10%) especially at the lower larval densities (Fig. 2) .
Food concentration and larval density both significantly affected time to pupation (F 3, 32 ¼ 22.66; P < 0.001 and F 3, 32 ¼ 21.35; P < 0.001, respectively); their interaction also was significant (F 9, 32 ¼ 2.99; P < 0.01). Lower diet concentration increased time to pupation, especially at the higher larval densities. The fastest development was observed at a density of 2 larvae/ml and a diet level of 6%. A similar time to pupation was also observed at the higher larval densities but with higher food availability (8% and 10% treatments; Fig. 3 ).
No significant difference was observed in the overall sex ratio caused by the parameters tested: diet level, larval density, or their interaction. The minimum and the maximum proportion of males ranged from 0.48 to 0.6. A high variability was observed particularly at the highest diet treatment (10%).
The effect of diet concentration and larval density on sex ratio at 24 h was significant (F 3, 32 ¼ 9.22; P < 0.001 and F 3, 32 ¼ 7.17; P < 0.001, respectively), while their interaction was not significant. A high percentage of males were recovered from pupae resulting from the 4% diet treatment, regardless of larval density, while at higher diet levels the percentage of males was lower (Fig. 4) .
Male pupal production rate at 24 h was significantly affected by the diet concentration and larval density (F 3, 32 ¼ 6.3; P < 0.05 and F 3, 32 ¼ 6.18; P < 0.05, respectively), though the interaction between the variables was not significant. The highest proportion of male pupae was obtained with a density of 2 larvae/ml and the 6% food treatment. A similar male pupae production rate was also obtained IAEA diet-larval diet consisting of 50% bovine liver powder, 50% tuna meal, and 0.4% w/v of Vitamin Mix. at a density of 3 and 4 larvae/ml, but with a higher food treatment (8%; Fig. 5 ).
Male productivity in the first 24 h was significantly affected by the larval density (F 3, 32 ¼ 14.81; P < 0.001): increasing larval density increased the number of male pupae produced, while the diet concentration did not have a significant effect. The interaction was not significant. The lowest male productivity was observed at 2 larvae/ml (Fig. 6) . Fig. 1 . Effect of diet concentration (% wt:vol) and larval density (larvae/ml) on Ae. albopictus survival to pupation (A and B, respectively), time to pupation (C and D), and adult sex ratio (males: females) (E and F), employing two diets (CAA and IAEA). Vertical bars indicate standard error. Solid line indicates CAA diet, dotted line indicates IAEA diet. Fig. 2 . Effect of diet concentration (% wt:vol) and larval density (larvae/ml) on Ae. albopictus survival to pupation employing IAEA diet. Vertical bars indicate standard error. Fig. 3 . Effect of diet concentration (% wt:vol) and larval density (larvae/ml) on Ae. albopictus time to pupation employing IAEA diet. Vertical bars indicate standard error.
Discussion
This investigation into the effect of two larval diets, a range of food concentrations, and a range of larval densities on several life history traits of Ae. albopictus attempted to define conditions for efficient large-scale rearing, a crucial step in the success of the SIT (Benedict et al. 2009 , Balestrino et al. 2014b , Carvalho et al. 2014 . Results from the first trial indicated higher survival rates were obtained with the IAEA diet, particularly at the 1% food treatment and 4 larvae/ml larval density. When using the CAA diet there appears to be a more pronounced negative dependence of survival as a function of increased larval density when diet is limiting, as was also observed by Gilles et al. (2011) in An. arabiensis. The time to pupation also was significantly shorter using the IAEA diet. These results were consistent with previous experiments where the efficiency of different larval diets for Ae. albopictus mass rearing was studied in containers larger than 90-mm-diameter petri dishes, using a larval density of 1.5 larvae/ml, a water depth of around 2 cm, and a diet concentration of 4% (wt:vol; corresponding to 0.53 mg/larva/d). Larvae reared with the IAEA diet probably reached their critical weight earlier than those reared with CAA diet because of the diet composition. As reported by , to reach the next life stage mosquito larvae require a minimum amount of nutrition to trigger hormonal developmental cascades. Nutrition is one of the environmental factors affecting growth rate, and thus the time required to reach their critical weight, but nutrition does not affect the value of the critical weight (Nijhout et al. 2010) . Moreover, single-species studies document that diet choice can influence the growth of Ae. albopictus and Ae. aegypti larvae, due to the amount and quality of microorganisms that the mosquito larvae consume (Murrell and Juliano 2008) . Previous data suggested a lack of carbohydrates in the IAEA diet; integrating brewer's yeast improved the accuracy of the sex separation, probably because carbohydrates play a role in increasing the dimensional difference between male and female pupae , Balestrino et al. 2014b .
A narrower range of conditions for the second trial, where the effects of two variables (food concentration and larval density) were investigated employing only the IAEA diet, showed higher survival rate and shorter time to pupation without affecting the sex ratio. The highest survival to pupation was obtained with the lowest food treatment (4%) and a larval density of 3 larvae/ml (equal to 0.27 mg/larva/d). The highest food treatment (10%) resulted in a decrease in larval survival particularly at the lower larval densities (0.67 and 1 mg/larva/d). Adequate diet increases survival but excessive diet diminishes it because the larvae are unable to consume all diet. As a consequence, microorganisms proliferate in the unconsumed diet ultimately resulting in habitat degradation and larval mortality (Gilles et al. 2011) . Furthermore, as reported by Bargielowski et al. (2011) , it is possible that bacterial or fungal growth affects life history parameters in mass rearing trays. The impact on larval development can either be positive or negative, depending on the microbial community present which could indirectly affect the larvae by contaminating their food supply, causing it to become less nutritious or inedible, or provide additional nutrition to the filter-feeding larvae.
The fastest development was observed at a density of 2 larvae/ml and a food treatment of 6% (0.6 mg/larva/d). A short time to pupation also was observed at 2 larvae/ml and 3 larvae/ml, but with a higher diet level (8% and 10%; 0.53 mg/larva/d). Increasing larval density at the lower diet levels prolonged the development time, while at higher food levels the time to pupation was shorter (as in Gilles et al. 2011 , Yoshioka et al. 2012 . The length of rearing time is an important aspect to be considered for mass rearing in the context of SIT, as it affects production costs. Moreover, as shown in previous studies, pupation occurring late (between 48 and 72 h from pupation onset) is less productive in terms of overall collection of male pupae (Medici et al. 2011 , Balestrino et al. 2014b , Hapairai et al. 2014 .
In order to produce an optimal protocol for standardized mass rearing of Ae. albopictus, several parameters were investigated at 24 h after the beginning of pupation, because this is the period when Fig. 4 . Effect of diet concentration (% wt:vol) and larval density (larvae/ml) on Ae. albopictus adult sex ratio (males: females) at 24 h after pupation onset employing IAEA diet. Vertical bars indicate standard error. Fig. 5 . Effect of diet concentration (% wt:vol) and larval density (larvae/ml) on Ae. albopictus male pupae production rate at 24 h after pupation onset employing IAEA diet. Vertical bars indicate standard error. pupae are sieved from the rearing water to separate the male pupae from the females to best exploit protandry. The highest sex ratio (males: females) was observed at the lowest food treatment. This male-biased sex ratio may suggest an effect of underfeeding (Chambers and Klowden 1990 , Balestrino et al. 2014b , but is favorable when selecting the males to be released in a SIT application. The male pupae production rate at 24 h is a very important parameter because it determines the quantity of males that can be selected for release as a proportion of the total males produced. This parameter was higher at the larval density of 2 larvae/ml compared to the other larval densities, with the highest value with a 6% food treatment (0.6 mg/larva/d). Increased larval densities also produced a good proportion of males when higher food levels were provided (3 and 4 larvae/ml using 8% food treatment, corresponding to 0.53 and 0.4 mg/larva/d, respectively). Higher male productivity (absolute number of male pupae produced per dish) in the first 24 h was obtained by increasing diet levels only at higher larval densities. The highest number of males was produced with 5 larvae/ml provided with 8% and 10% diet treatments (0.32 and 0.4 mg/larva/d).
These results demonstrate that a good survival of larvae is obtained at higher densities, but only with higher doses of diet. The concept of "quantity" and "quality" are not absolute, but depend on the purposes for which the rearing is done (Grenier 2009 , Sighinolfi et al. 2013 , Dindo and Grenier, 2014 . For SIT mass rearing, the greatest male production for a given space and manpower is critical. It is necessary to select the conditions which optimize survival, absolute number of males, and rearing schedule time in order to maximize quantity but without overly adverse effects on quality. Economic factors must be considered; administering additional diet is more expensive and must be balanced against production output, labor costs, and the advantages of shorter rearing times. Further research will be necessary to evaluate the quality of the sterile males produced, which, in mass rearing facilities, should be checked regularly with methods able to evidence possible losses in quality. While in other species guidelines are available for quality control evaluation (van Lenteren et al. 2003; Leppla 2009 Leppla , 2014 ; FAO/IAEA/USDA 2014), in the case of mosquitoes standard methods for quality control are not well defined (Madakacherry et al. 2014) . The standardization of all the steps required for the mass production cycle, including the larval rearing schedule, are therefore of paramount importance (Carvalho et al. 2014 , Zheng et al. 2015a .
With this experimental approach it was possible to develop a standardized laboratory protocol for Ae. albopictus rearing. The protocol was used as a standard in tests to evaluate alternate diet compositions, different rearing temperatures, and the possibility of scaling up the rearing system employing mass production equipment , Balestrino et. al 2014a . A rearing protocol providing 2 larvae/ml and 0.6 mg/larva/d is recommended as a good basis for mass production of Aedes albopictus for male release, and has been used in experiments to test the effect of the cage dimensions on Ae. albopictus adult size selection (R.B., unpublished data).
